To screen for residues of hKv1.3 important for current block by the phenylalkylamine verapamil, the inactivated-state-reduced H399T mutant was used as a background for mutagenesis studies. This approach was applied mainly to abolish the accumulation in the inactivated blocked state, recovery from which in the wild type is normally slow. Substitution of amino acids in the S6 transmembrane helix indicated a heavy disruption of verapamil block by the A413C mutation, reducing the IC 50 from 2.4 to 267 M. Subsequent scanning for verapamil moieties essential for current block was performed by application of derivatives with altered side groups. Neither the removal of the nitrile or the methyl group nor the addition of a methoxy group resulted in major variations of IC 50 values for hKv1.3 (H399T) current block. However, disruption of current block by A413C was 4-to 10-fold less pronounced for derivatives lacking the 4-methoxy group of the (3,4-dimethoxyphenyl)ethylmethyl-amino part (devapamil) or all four methoxy groups (emopamil), respectively. Emopamil displayed a Hill coefficient of 2 for hKv1.3 (H399T/A413C) instead of 1 for hKv1.3 (H399T) current block. These results might indicate that the alteration of Ala413 modulates the access of phenylalkylamines to their binding site depending on the occupancy of the phenyl rings with methoxy groups. A computer-based docking model shows a subset of docked PAA conformations, with a spatial proximity between the (4-methoxyphenyl)ethyl-methyl-amino group and Ala413. The PAA binding site might therefore include a binding pocket for the aromatic ring of the ethyl-methyl-amino part in an S6 -S6 interface gap.
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Various small molecules have been shown to block ion fluxes through channel proteins by physically occluding the pore. In the case of the voltage-gated potassium channel Kv1.3, such structurally distinct compounds as verapamil (phenylalkylamines), WIN-17317-3 (iminodihydrochinolines) , UK-78282 (benzyl piperidines), correolide (triterpenes), 4-phenyl-4-[3-(2-methoxyphenyl)-3-oxo-2-azaprop-1-yl] cyclohexanone (cyclohexyl-substituted benzamides), or Psora-4 (5-phenylalkoxypsoralens) display inhibitory effects (reviewed in Wulff et al., 2003; Vennekamp et al., 2004 ). An obvious possibility is to use these small molecules as probes to investigate the residues and spatial requisites of the receptor necessary for binding. Enhanced knowledge of these parameters could provide useful information for the design of more specific and potent drugs with potential therapeutic use. The phenylalkylamine (PAA) verapamil was used in this study to explore the binding site of hKv1.3, a channel that plays an important role in T-cell activation and B-cell differentiation DeCoursey et al., 1984; Wulff et al., 2004) . Many data have been reported already, determining the basic mode of verapamil block of Kv1.3 currents, thereby providing a good starting point for a detailed investigation of the binding pocket. Verapamil acts as a fast openchannel blocker with an IC 50 of approximately 8 M (Rauer and Grissmer, 1996) , and block takes place from the intracellular side of the cell. Mutagenesis and competition studies suggest that the binding site is situated in the water-filled cavity below the selectivity filter (Rauer and Grissmer, 1999) . The latter results might indicate that side groups of verapamil are in close contact with pore-facing residues of the transmembrane S6 helix. Hanner et al., 2001 reported that various residues in this area are important for the binding of correolides. For L-type Ca 2ϩ channels, it has been shown that the PAA binding site involves residues in the S6 segments of domains III and VI (Hockerman et al., 1995 (Hockerman et al., , 1997 Schuster et al., 1996 ) and a homology model based on the KcsA channel structure has been established presenting the PAA devapamil with the aromatic ring of the phenylethylamine part located inside the S6 interface III/IV crevice (Lipkind and Fozzard, 2003) .
A specific property of Kv1.3 that distinguishes it from other Kv subfamily members is the intrinsic C-type inactivated state displayed by the channel. This state is reached slowly by all channel molecules upon depolarization, and recovery from inactivation is slow. Various drugs are known to bind selectively to the open and/or inactivated state; e.g., verapamil application leads to open blocked and inactivated blocked conformations of the channel (Röbe and Grissmer, 2000) . A substantial problem of investigating drug effects on Kv1.3 currents is the difficulty to electrically distinguish between the access of the drug to either state. Upon verapamil application, one can observe an acceleration of current decay during the depolarizing steps and an accumulation of peak current block in consecutive voltage steps. The latter effect is caused by an accumulation of the channel in the inactivated blocked state, recovery from which is very slow (Röbe and Grissmer, 2000) . To address this problem, we introduced the H399T mutation in the extracellular loop between the pore and the S6 helix of hKv1.3, because it has been described to strongly reduce the C-type inactivated state (Nguyen et al., 1996; Rauer and Grissmer, 1996) . This reduction of complexity makes the direct calculation of IC 50 values feasible by measurement of steady-state current block. Additional amino acid substitutions in the pore-facing parts of the S6 transmembrane helix (Fig. 1) revealed that the residue at position 413 plays an important role for PAA binding. Thereafter, to detect important side groups of the ligand, block by several verapamil derivatives has been examined and the obtained results pointed out reciprocal interactions between the mutated channel residue and exchanged verapamil side groups. Double-mutant cycle analysis calculations suggested a spatial proximity between both interaction partners, information that was used to evaluate the computer based docking of a PAA molecule into an hKv1.3 homology model.
Materials and Methods
Cells. The COS-7 cell line was obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany). The cells were maintained in Dulbecco's modified Eagle's medium with high glucose (Invitrogen, Carlsbad, CA) containing 10% fetal calf serum (PAA Laboratories GmbH, Coelbe, Germany) and stored in an incubator at 37°C and 10% p(CO 2 ).
Chemicals and Solutions. All measurements were performed in an external bath solution, high Na out ϩ (containing 160 mM NaCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 4.5 mM KCl, and 5 mM HEPES) or high K out ϩ (containing 164.5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , and 5 mM HEPES). Osmolarity was 290 to 320 mOsM, and pH was adjusted to 7.4 with NaOH or KOH, respectively. The internal pipette solution contained 155 mM KF, 2 mM MgCl 2 , 10 mM EGTA, and 10 mM HEPES. Osmolarity was 290 to 320 mOsM, and pH was ad- (Hamill et al., 1981) was used throughout all measurements. Experiments were carried out at room temperature (18-22°C), and external bath solution and diluted drug solutions were applied using a gravity-based permanent perfusion system. Electrodes were pulled from glass capillaries (Science Products, Hofheim, Germany) in three stages and fire-polished to resistances of 2 to 4 M⍀. Data were acquired with an EPC-9 patch-clamp amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany) connected to a Macintosh computer running Pulse/Pulse Fit ver. 8.40 data acquisition and analysis software (HEKA). All currents were filtered by a 2.9-kHz Bessel filter and recorded with a sampling frequency of 2.00 kHz. Capacitative and leak currents were subtracted, and series resistance compensation (80%) was used for currents exceeding 2 nA. Further data analysis was performed using the Igor Pro 3.1 (Wavemetrics, Lake Oswego, OR) software package. Holding potential was usually Ϫ80 mV (hKv1.3 mutants) or Ϫ120 mV (hKv1.3 wild type). Time constants m and h and steady-state currents with and without drug application were determined by a Hodgkin and Huxley fit to currents elicited by a 200-ms voltage pulse from the holding potential to ϩ40 mV. The deactivation time constant t was obtained by an exponential fit to tail currents at Ϫ60 mV observed after a voltage pulse from the holding potential to ϩ40 mV for 200 ms. Parameters V 1/2 and k were deduced from a Boltzmann fit to either normalized maximum peak conductance elicited by 11 consecutive voltage steps from Ϫ50 to ϩ50 mV (⌬V ϭ 10 mV) in high Na out ϩ or to maximum tail peak currents at Ϫ80 mV after the voltage steps in high K out ϩ . Drug effects were evaluated by the steady-state current block obtained during 200-ms voltage steps from the holding potential to ϩ40 mV. Time interval between pulses was 30 s, allowing the channel to recover from inactivation completely. IC 50 values were calculated by fitting a Hill function (I drug /I 0 ϭ 1/[1ϩ(IC 50 /C drug ) nH ]) to the normalized steady-state current data points obtained after drug application. I 0 represents the steady state current before and I drug the steady state current after drug application, C drug the concentration of the drug in the external bath solution and n H the Hill coefficient.
Molecular Biology. The hKv1.3 wild-type plasmid was a generous gift from Prof. Dr. O. Pongs (Institut fü r Neurale Signalverarbeitung, Zentrum fü r Molekulare Neurobiologie, Hamburg, Germany). It contains the human Kv1.3 K ϩ channel gene in a pRc/CMV vector (Invitrogen) with a CMV promoter for protein expression in Downloaded from mammalian cells. Channel mutants were generated by introducing the corresponding point mutations in the cloned hKv1.3 gene with the QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). Transfection of COS-7 cells was done using the Fugene 6 transfection reagent (Roche Molecular Biochemicals, Mannheim, Germany). Cells were grown to ϳ80% confluence and cotransfected with ϳ1 g of hKv1.3 DNA and ϳ0.5 g of eGFP-N1 DNA (BD Biosciences Clontech, Palo Alto, CA). One day after transfection sufficient protein for electrophysiological measurements was expressed. Double Mutant Cycle Analysis. The coupling coefficient ⍀ was calculated by the equation
, according to Hidalgo and MacKinnon (1995) . R wt was the receptor "wild type" hKv1.3 (H399T) and R mt was the H399T/A413C double mutant. L wt represents the "wild-type" drug [(Ϯ)-verapamil or (Ϫ)-verapamil] and L mt represents the "mutant" drug (a verapamil derivative with an exchanged side group). If coupling coefficients of less than 0 were obtained, the reciprocal value was taken. The change of free binding energy (⌬⌬G) was calculated by the equation ⌬⌬G ϭ RTln⍀, where R is the gas constant and T is absolute temperature.
Results

hKv1.3 (H399T) As a Tool for Determination of
Steady State PAA Block. To minimize the time the channel spends in the C-type inactivated state of hKv1.3, the H399T mutation, which is analogous to the H404T mutation in mKv1.3, was introduced (Nguyen et al., 1996; Rauer and Grissmer, 1996) . Figure 2 shows the K ϩ currents through hKv1.3 wild type (A) and H399T mutant (B) channels, without drug application (pulse 1). The inactivation time constant ( h ) of hKv1.3 (H399T) is approximately 2.3-fold slower compared with wild type ( Fig. 2; Table 1 ), and investigation of the kinetics for recovery from inactivation (Fig. 3, A and B) revealed that the corresponding time constant rec of hKv1.3 H399T is approximately 10 times faster (Table 1 ) than in case of the wild type. The intrinsic activation parameters (V 1/2 , k, and m ) of hKv1.3 (H399T) are similar to the corresponding wild-type values, whereas the deactivation time constant t at Ϫ60 mV is increased by a factor of approximately 3.7 (Table 1) . Application of 20 M (Ϯ)-verapamil resulted in a steady-state block of hKv1.3 (H399T) currents at the end of a 200-ms pulse and no further accumulation of peak current block in consecutive pulses (Fig. 2B, pulse 2-4) . The normalized steady-state current after PAA application should therefore directly reflect the ratio of channels in the open blocked and open states. The remaining inactivation of the mutant hKv1.3 channels after 200 ms was ignored for the evaluation of steady-state block.
Identification of hKv1.3 (H399T) Residues Important for PAA Block. Several amino acids in the S6 transmembrane helix of hKv1.3 (H399T) have been substituted, because effects of these residues on current block by verapamil or similar drugs to Kv1.3 or other ion channels have been described or assumed. Substitutions were performed mainly with cysteines to allow a chemical modification in future experiments. Exceptions were the H399T/S410G and H399T/ G416A double mutants. In the first case, the corresponding glycine of Kv2.1 was introduced; in the second case, an alanine was introduced because of the critical function of Gly416 as the potential gating hinge (Jiang et al., 2002b) . The obtained double mutants, H399T/S410G, H399T/C412A, H399T/L418C, and H399T/I420C, had only minor or moderate effects on (Ϯ)-verapamil block (data not shown). The H399T/G416A mutation resulted in no functional expression of channel protein, possibly because of the disruption of the gating hinge. Another double mutant, H399T/A413C, displayed an affinity for (Ϯ)-verapamil that was reduced by a factor of approximately 100 (Table 2 ) compared with hKv1.3 (H399T). Steady-state current block with no further accumu- All values are given as mean Ϯ S.D.; numbers of independent experiments are given in parentheses.
hKv1.3
Wild Type H399T A413C/H399T
10 Ϯ 1 (2) 7 Ϯ 1 (9) 7 Ϯ 1 (3) m (ms) 2.9 Ϯ 0.4 (6) 3.9 Ϯ 0.7 (10) 4.9 Ϯ 1. lation of block could still be observed in this channel mutant (Fig. 2C, pulses 2-4) . Furthermore, hKv1.3 (H399T/A413C) exhibits an even slower intrinsic inactivation rate (ϳ2-fold), a similar recovery from inactivation ( Fig. 3C ; Table 1) , and an accelerated deactivation rate (ϳ10-fold) compared with hKv1.3 (H399T) (Fig. 2C , pulse 1; Table 1 ). The activation parameters (V 1/2 , k, m ) also remain similar. Current Block by Externally Applied KTX and TEA Is Affected by Introduction of A413C in hKv1.3 (H399T). Effects on the affinity for externally applied KTX and TEA have been examined to investigate whether the introduced cysteine decreases the affinity for (Ϯ)-verapamil merely by a direct interaction with the drug or by allosteric changes of the three dimensional protein structure. Both inhibitors are known to bind to the extracellular vestibule of Kv1.3 (Kavanaugh et al., 1991; Wrisch and Grissmer, 2000) and could serve as probes for structural differences in the extracellular region of the double mutant. In the case of hKv1.3 (H399T), IC 50 values of 25.9 Ϯ 2.5 mM for TEA and 0.25 Ϯ 0.02 nM for KTX (Fig. 4, A and B, filled bars) were obtained. IC 50 values for KTX and TEA block differed for hKv1.3 (H399T/A413C), with 5.8 Ϯ 0.4 mM for TEA and 0.66 Ϯ 0.06 nM for KTX (Fig. 4, A and B, open bars) .
Importance of A413 for the Stereoselectivity of Verapamil Block. Verapamil is a chiral compound and current block by both enantiomers was investigated. These experiments were necessary for comparison with current block by (Ϫ)-devapamil and to select the appropriate enantiomer for subsequent docking computations. (Ϫ)-Verapamil blocked hKv1.3 (H399T) currents with an approximately 3.6-fold higher potency compared with the (ϩ)-enantiomer (Table 2) . It is surprising that the introduced A413C mutation reduced the affinity for (Ϫ)-verapamil by a factor of ϳ200, whereas the affinity for (ϩ)-verapamil was reduced by a factor of ϳ80 only (Table 2) . Thus, the ability of the channel to discriminate between both enantiomers seems to be almost lost in the double mutant, leaving a preference of 1. (H399T) (B) , and hKv1.3 (H399T/A413C) (C) channels. Currents were elicited by double-pulse protocols, with a 2-s conditioning pulse and a 30-ms test pulse to ϩ40 mV, after different repolarization times to Ϫ120 mV from 1 to 10 s. The resulting currents are displayed as superimposed traces. The inserts show the normalized recovery from inactivation, with the data points calculated from the difference of the peak current of the test pulse and the steady-state current of the conditioning pulse divided by the difference of the peak current and the steady-state current of the conditioning pulse. Fits were performed by a monoexponential function yielding a time constant rec of 13.6 s for wild-type hKv1.3 (A). Time constants for hKv1.3 (H399T) (B) and hKv1.3 (H399T/A413C) (C) were estimated to be Յ1.1 s due to 65 and 71% recovery from inactivation after 1 s of repolarization, respectively (Table 1) . sponse fits resulted in a Hill coefficient of 2 instead of 1 (Fig.  6) . Comparison of (Ϫ)-devapamil and (Ϫ)-verapamil IC 50 values for the double mutant also suggests a smaller influence of A413C on (Ϫ)-devapamil current block, which is 4-fold more potent compared with (Ϫ)-verapamil. Double Mutant Cycle Analysis of the Obtained IC 50 Values. To detect coupled interactions caused by the substitution of the alanine at position 413 and the alteration of the different side groups of verapamil, the coupling coefficients (⍀) and the change of free binding energies (⌬⌬G) were calculated for all reactions (Table 3) . In this approach, interdependency between two interaction partners is indicated by ⍀ values deviating from 1. Whereas the coupling coefficients calculated for gallopamil, norverapamil, and acyanoverapamil stayed near 1, ⍀ calculated for the (Ϫ)-verapamil/(Ϫ)-devapamil pair was 2.5, and the corresponding change of free binding energy was 0.52 kcal/mol. These data suggest a mutual influence of the deletion of the R 2 Ј methoxy group of verapamil and the substitution of A413 of hKv1.3 (H399T). Furthermore, an interpretation of the correlations made by Schreiber and Fersht, 1995 suggests that a change in free binding energy of Ͼ0.5 kcal/mol might indicate a spatial distance between both interaction partners of less than 5 Å.
Building an hKv1. Guex and Peitsch, 1997) . Thereafter, the hKv1.3 homology model was calculated using the SWISS-MODEL server (Peitsch, 1995; Guex and Peitsch, 1997; Schwede et al., 2003) . Finally, docking was performed with the AutoDock 3.0 software package (Goodsell and Olson, 1990; Morris et al., 1996 Morris et al., , 1998 ) using a modified (Ϫ)-verapamil molecule as a ligand. This molecule lacks the R 4 nitrile and R 5 methyl groups, because these side groups did not show an important effect on current block in either the H399T or the A413C/H399T mutant. Of 256 docked conformations obtained, only those 31 were selected with the C atom of the R 2 Ј methoxy group situated less than 5 Å away from the C atom of one of the four A413 side chains. No strength of interaction was implicated. Despite the symmetrical nature of the channel model, 24 methoxy groups were in proximity to Ala413 from a single subunit (Fig. 7, cyan) . Within this group, two populations of similar conformations could be identified: cluster I (Fig. 7,  magenta) , which consisted of 12 PAAs situated in a stretched conformation in the inner vestibule of the channel with their R 1 Ј ,R 2 Ј -dimethoxyphenyl rings inserted slightly between two S6 helices, and cluster II (Fig. 7, gray) , which contained four molecules in a similar stretched configuration but with their R 1 Ј ,R 2 Ј -dimethoxyphenyl rings extended deeper into the S6 interface crevice.
Discussion
The purpose of this study was to characterize the binding site of verapamil in the hKv1.3 mutant H399T, a channel mutant with a reduced C-type inactivated state. Mutations of residues in the S6 domain and application of different verapamil derivatives revealed interdependencies between position 413 of the channel and functional groups of verapamil. This information was used to deduce a more detailed description of the binding pocket.
As anticipated, the introduced H399T mutation reduced the channel's C-type inactivation but not to the extent described for an analogous mKv1.3 (H404T) mutant (Rauer and Grissmer, 1996) . Nonetheless, hKv1.3 (H399T) was selected as a Kv1.3 model channel with a strongly reduced C-type inactivated state because the time constant for recovery from inactivation was approximately 10-fold faster compared with the wild-type channel. Steady-state currents were clearly observable with or without drug application after 1 s (data not shown) voltage pulses to ϩ40 mV and no accumulation of steady-state current block in consecutive pulses was present.
Subsequent substitutions of amino acids in the S6 domain of hKv1.3 (H399T) pointed out that the residue at position 413 plays an important role in PAA binding. By exchanging the alanine at position 413 for a cysteine, (Ϯ)-verapamil affinity was decreased by approximately 100-fold. Similar results were obtained by Hanner et al. (2001) for an hKv1.3 (A413C) mutant that displayed a 40-fold lower affinity for diTC binding compared with the wild type. Furthermore, the corresponding residue in IVS6 of L-type Ca 2ϩ channels had a strong influence on PAA affinity (Hockerman et al., 1995) .
The additional A413C mutation slowed the C-type inactivation rate even further, an effect that had also been observed for the hKv1.3 (A413C) single mutant (data not shown). More evidence for A413 playing a role in the inactivation process was found by Panyi et al. (1995) , where a strong increase of the inactivation rate in an hKv1.3 (A413V) mutant was described.
It has been reported that binding of external TEA slowed C-type inactivation (Grissmer and Cahalan, 1989; Choi et al., 1991) and that the transition to the inactivated state induced structural changes in the outer pore region (Yellen et al., 1994; Liu et al., 1996; Kiss et al., 1999) . Further disruption of the inactivation process by introduction of A413C might therefore explain the affinity shift observed for TEA. However, no correlations between KTX binding and C-type inactivation have been described yet. The ϳ3-fold decrease of KTX and 5-fold increase of TEA affinity in hKv1.3 (H399T/A413C) might be due to a structural rearrangement of the channel protein in the double mutant that affects the extracellular vestibule. This rearrangement might change the intracellular vestibule as well, which could explain the dramatic decrease in verapamil affinity.
Another explanation for the disruption of PAA block might be the loss of direct effects of the residue at position 413 on binding of distinct verapamil side groups. Verapamil derivatives lacking the methyl group at R 5 (norverapamil) or the nitrile group at R 4 (acyanoverapamil) did not show major variations in hKv1.3 (H399T) and hKv1.3 (H399T/A413C) current block compared with (Ϯ)-verapamil. Thus, neither the R 5 methyl group nor the R 4 nitrile group seems to play an important role for PAA binding in both channel mutants. The importance of the four methoxy groups at the R 1 , R 1 Ј and R 2 , R 2 Ј positions of both phenyl rings was assessed by investigation of (Ϯ)-emopamil block, a verapamil derivative that lacks all four moieties. In case of hKv1.3 (H399T) only little difference could be observed between the affinities for (Ϯ)-verapamil and (Ϯ)-emopamil, suggesting no major relevance of the methoxy groups. However, as an inhibitor of hKv1.3 (H399T/A413C) currents, (Ϯ)-emopamil is an approximately 10-fold more potent than (Ϯ)-verapamil. In addition, fits of the corresponding (Ϯ)-emopamil dose-response curve indicated a 2:1 ligand/receptor stoichiometry. So far, the binding of two small molecule inhibitors to hKv1.3 has been demonstrated only for disubstituted cyclohexyl compounds (Schmalhofer et al., 2002 (Schmalhofer et al., , 2003 and 5-phenylalkoxypsoralens (Vennekamp et al., 2004) . To investigate the importance of the methoxy groups in more detail, we examined the effects of (Ϯ)-gallopamil, which has an additional methoxy group at R 3 , and (Ϫ)-devapamil, that lacks the methoxy group at R 2 Ј . Although the R 3 methoxy group seems to have little influence on block of hKv1.3 (H399T) and hKv1.3 (H399T/A413C) currents, the missing R 2 Ј methoxy group increases apparent inhibition 4-fold in the double mutant only. This effect is weaker but similar to the one obtained by removal of all four methoxy groups. However, the Hill coefficient for (Ϫ)-devapamil block of hKv1.3 (H399T/A413C) currents remains at 1. Johnson et al. (1996) demonstrated that in wild-type Ca 2ϩ channels, (Ϫ)-devapamil inhibits currents much more strongly than verapamil, whereas in the Y1463F mutant, this preference is lost. This mutation seems to have the opposite effect on PAA binding compared with A413C in hKv1.3 (H399T). It is striking that the removal of a single hydroxyl group in Y1463F was responsible for the affinity changes, whereas a single thiol group was added by the A413C mutation. The missing R 2 Ј methoxy group of (Ϫ)-devapamil accounts solely for the altered affinity to hKv1.3 (H399T/A413C) compared with (Ϫ)-verapamil. This might indicate coupled effects of the removal of the R 2 Ј OCH 3 group and the substitution at position 413. The double mutant cycle analysis results support this line of argument, suggesting a distance of less than 5 Å between both interaction partners.
The assignment of this spatial constriction to the hKv1.3/ PAA docking results yielded two clusters of PAA molecules with the R 1 Ј , R 2 Ј -dimethoxyphenyl ring located at the entrance (cluster I) or the core (cluster II) of an S6 -S6 interface gap. These results are similar to those obtained by Lipkind and Fozzard (2003) for a detailed PAA docking model for an L-type Ca 2ϩ channel. Figure 8 represents a possible explanation for the observed effects. If the permeation of the ethyl-methylaminophenyl ring into the S6 interface crevice is an essential mechanism of PAA binding (Fig. 8A) , it might be sterically constricted by introduction of the A413C mutation (Fig. 8B) . However, the degree of constriction seems to be less pronounced with a decreasing number of methoxy groups present at the ethyl-methyl-aminophenyl ring. In addition, the introduction of A413C enables emopamil, which lacks all four methoxy groups at both phenyl rings, to bind with a 2:1 stoichiometry (Fig. 8B, right) . The altered PAA binding pocket might therefore implicate a constricted access and a spatial dilation that allows a second PAA to bind to the channel, if the first is able to enter deeply into the S6 interface gap.
Summary. Screening of the inactivated state reduced hKv1.3 (H399T) channel for residues participating in verapamil block revealed an important influence of the residue at position 413 in the S6 domain. Further inhibition experiments with verapamil derivatives suggest interdependence between the number of methoxy substituents at the PAA phenyl rings and alterations of Ala413. These data, taken together with information obtained by a computer-based docking model, might indicate that residue 413 is important for access of the PAA ethyl-methyl-aminophenyl ring to a binding pocket in an S6 interface gap. Fig. 7 . Modified (Ϫ)-verapamil structure without the R 4 nitrile and the R 5 methyl group docked into a hKv1.3/MthK homology model (subunits are drawn in cyan, orange, green, and red, respectively). Axial view from the extracellular side through the pore (top) and lateral view with the extracellular part oriented upward and one subunit omitted (bottom). Within the docked conformations, with the R 2 Ј -methoxy group being in proximity to Ala413 (drawn in 'ball and stick' representation), two populations could be identified. Cluster I (magenta, 12 structures) with the phenyl ring entering slightly into an S6 -S6 interface crevice and cluster II (gray, four structures) with the phenyl ring inserting deeply between both S6 helices of the red and cyan subunit. Images were generated using the ViewerLite 5.0 software package (Accelrys, San Diego, CA). 
